The single-dose pharmacokinetics of amantadine hydrochloride and rimantadine hydrochloride were compared in a randomized, two-period, crossover study involving six young (<35 years) and six elderly (.60 years) adults. Subjects ingested single 200-mg oral doses after an overnight fast, and serial plasma (0 to 96 h), nasal mucus (0 to 8 h), and urine (0 to 24 h) samples were collected for assay of drug concentration by electron capture gas chromatography. For both groups combined, rimantadine differed significantly from amantadine in peak plasma concentration (mean standard deviation, 0.25 ± 0.06 versus 0.65 0.22 ,ug/ml), plasma elimination half-life (36.5 15 versus 16.7 ± 7.7 h), and percentage of administered dose excreted unchanged in urine (0.6 0.8 versus 45.7 + 15.7%). No significant age-related differences were noted for rimantadine. Urinary excretion (0 to 24 h) of rimantadine and its hydroxylated metabolites averaged 19% of the administered dose. The maximum nasal mucus drug concentration was similar for both drugs (0.42 + 0.25 versus 0.45 0.32 ,ug/g), and the ratio of maximum nasal mucus to plasma concentration was over twofold higher after rimantadine than after amantadine. These findings may in part explain the clinical effectiveness of rimantadine in influenza A virus infections at dosages that have lower toxicity than those of amantadine.
The adamantane compounds, amantadine hydrochloride and rimantadine hydrochloride, have well-documented prophylactic and therapeutic efficacy in influenza A virus infections (5, 21) . Limited in vitro and animal model results suggest that rimantadine has greater influenza A virusinhibitory activity than amantadine (7, 15, 19) . More importantly, clinical studies have found that at equivalent oral dosages of 200 mg (5) or 300 mg (8) per day rimantadine is associated with significantly fewer central nervous system side effects than amantadine. The differences in side effect rates observed between the two drugs appear to be related to differences in plasma concentrations (8) . Whereas amantadine pharmacokinetics have received extensive study (1-4, 9, 17) , the pharmacokinetics of oral rimantadine have not been delineated. Limited results in healthy adults indicate that rimantadine is associated with significantly lower plasma concentrations after single or multiple doses (8) and has a longer plasma half-life and lower urinary excretion than amantadine (20) . In addition, the pharmacokinetics of these drugs have not been defined in the elderly, one of the target populations for the prevention of influenza A virus infections.
The current study was conducted to determine the comparative single-dose pharmacokinetics of amantadine and rimantadine in both young and elderly adults. This study also incorported collection of nasal mucus samples to determine concentrations of these drugs in respiratory secretions after systemic administration.
MATERIALS AND METHODS
Study design. This study was a randomized, open-label, two-treatment, crossover study in which rimantadine and amantadine were administered to both elderly and young * Corresponding author.
adults. Healthy male volunteers between the ages of 18 and 35 years and adults aged 60 years or older were recruited for participation. All subjects gave written informed consent in a form approved by the University of Virginia Human Investigation Committee. Persons with laboratory evidence of renal or hepatic dysfunction, significant administration and at 1, 4, and 8 h after the dose. Mucus specimens were collected by previously described methods (14) , in which 3 to 5 drops of water was sniffed into the nares and allowed to dwell for 60 s, and then mucus was forcefully blown into preweighed plastic containers. This technique has been shown to provide respiratory secretion samples that are significantly more concentrated than conventional nasal washes (14) .
Drug assay. Amantadine and rimantadine concentrations were measured in plasma, urine, and nasal secretions by previously described electron capture gas chromatography assays (8) . Briefly, rimantadine and amantadine were extracted from plasma and nasal mucus samples with disposable extraction columns, derivatized with pentafluorobenzoyl chloride, and analyzed by gas chromatography with an electron capture detector. A lower limit for detectability for these assays is approximately 5 ng/ml. Plasma concentrations from clinical specimens were determined by use of the best-fit line from standards prepared from predose plasma of each subject. Nasal mucus samples collected from healthy adults were used to prepare the standard curves for the assay of drug concentrations in nasal mucus.
For measurement of rimantadine in urine, 1 ml of urine was added to 5 ml of 5 N NaOH, 15 ml of hexane, and 15 mg of NaCl. The mixture was agitated on a wrist-action shaker for 30 min and centrifuged to separate the phases, and the hexane layer was removed. The extraction was repeated, the hexane layers were combined, and the solvent was removed by a stream of air. To the dried residues, 1 ml of toluene containing amantadine (as internal standard) at 0.5 p,g/ml, about 20 mg of Na2SO4, and 20 mg of pentafluorobenzoyl chloride were added and shaken for 30 min at 550C. To stop the reaction, 5 ml of 5 N NaOH was added to each tube, and shaking was resumed for 15 min. The tubes were centrifuged, and the toluene layer was removed for analysis by gas chromatography as described above. The method was found to be linear for rimantadine from 50 to 1,000 ng/ml. The recovery of rimantadine added to urine was approximately 62%. The variation averaged 11.4% for replicate assays.
Data analysis. Data for each patient were entered via microcomputer terminal, stored directly on disk files, verified, and thereafter manipulated only by the pharmacokinetic and statistical programs.
The multiple plasma drug concentrations were fit to the two-compartment linear model with exponential absorption where elimination occurs from the central compartment (22) . A lag between the drug adminstration and the beginning of the absorption was permitted. Since intravenous data were not available, we could not separate out absorption fraction and were actually fitting the ratio of fraction absorbed and the volume of distribution (Fa/Vd). The data were fit by using a Pascal version of the Marquardt-Levenberg algorithm (10) for nonlinear leastsquares estimation of parameters adapted from the initial program in BASIC by Horwitz and Homer. Peck and Barret compared a microcomputer version of this algorithm to standard mainframe programs (NONLIN, BMD) on a variety of problems and found comparable or better accuracy and precision in all sample problems (12) . For each patient the absorption lag, Ke, K12, K21, and V, were found (22) .
From the kinetic model, the volume of distribution at steady state (Vdss), total drug clearance, area under the plasma concentration-time curve (AUC), maximum plasma concentration (Cma), and time to maximum plasma concentration (Tma,) were calculated according to standard definitions (22) .
Individual kinetic plots of measured levels and kinetic fit were generated for each case. Patient parameters and calculated kinetic parameters were compared by standard analysis of variance. Other parametric or nonparametric statistical tests for paired samples were employed as indicated.
RESULTS
Participants. The demographic characteristic of the subjects are shown in Table 1 . Six healthy elderly adults (ages 60 to 70 years; two women, four men) and six young adult men (ages 19 to 35 years) partipicated in both phases of this study. In addition, four elderly adults (ages 63 to 70 years; three women, 1 man) participated in the rimantadine phase only. The elderly subjects were similar to the young adults in regard to height, weight, and serum creatinine, but had significantly lower calculated creatinine clearance corrected for age and sex (Table 1) .
No clinically significant side effects occurred during the course of this study. One 68-year-old male experienced 2 h of mild dizziness shortly after ingesting rimantadine; he did not report any symptoms after receiving amantadine. One 19-year-old male reported a headache of moderate intensity lasting for 14 h on the day of rimantadine ingestion.
Pharmacokinetic data. Statistically significant differences were found between the two drugs in the elimination halflives, peak plasma concentrations, and the volume of distribution in both young (Table 2 ) and elderly (Table 3) adults. In the elderly (Table 3) , rimantadine was also associated with a significantly longer absorption lag and smaller area under the plasma concentration-time curve compared with amantadine. For all subjects combined, rimantadine was associated with approximately 2 times longer absorption half-life and 2.5 times larger central volume of distribution compared with amantadine. Peak plasma rimantadine concentrations averaged 31 and 47% of amantadine levels in the elderly and young subjects, respectively, and appeared in about twice the time (Fig. 1) . Despite the difference in the plasma elimination half-life, the total body clearance of the two drugs was comparable.
A comparison of the results between the young and the elderly subjects did not reveal any significant differences for rimantadine. Younger subjects ingesting amantadine, however, tended to have a smaller steady-state volume of distribution (mean 27% less) than the elderly (P = 0.08), and the total body clearance averaged 1.7 times than that of the elderly (P = 0.01). After administration of amantadine, elderly subjects averaged 1.5 times higher peak plasma concentrations (P = 0.01) and 1.7 times greater area under the curve values (P = 0.03) than young adults. No significant differences in the elimination half-life was found.
Mean steady-state peak and trough plasma concentrations were estimated by using the means of the kinetic parameters for the elderly subjects. Assuming a single-dose regimen of a 200 mg per day, the steady-state peak and trough concentrations were 0.49 and 0.28 ,ug/ml, respectively, for rimantadine and 1.00 and 0.35 ,ug/ml, respectively, for amantadine.
Urinary excretion. The proportion (mean + standard deviation) of the administered dose that was recovered in urine (O to 24 h) as the parent drug represented 51.7 ± 20.4% of the amantadine dose in the young adults and 39.7 ± 6.3% in the elderly. In contrast, only 0.8 + 1.1% of the administered rimantadine dose was recovered in the urine of young adults, and 0.5 ± 0.4% was recovered in the elderly. At least three rimantadine metabolites were also excreted in the urine. Table 4 lists the re] ship between plasma and nasal mucus drug concentr during the 8-h period after drug ingestion. As des above, plasma amantadine concentrations rose more r and peaked at significantly higher levels than riman concentrations, averaging over twofold higher rimantadine values at 4 or 8 h (Fig. 1) . Plasma and mucus concentrations were very low in rimantadine i ents at 1 h. Whereas plasma concentrations decline tween 4 and 8 h after ingestion of either drug (Fig. 1) , mucus concentrations of both amantadine and riman tended to rise through 8 h after drug administration (Ta Although nasal mucus concentrations showed considi variability, no differences were observed in mean cc trations between the drugs at 4 or 8 h after drug admii tion. The ratio of nasal mucus to plasma concentr approached unity at 8 h after amantadine ingestion ratios observed after rimantadine administration were icantly higher at 4 and 8 h than after amantadine, and the mean ratio of nasal mucus to plasma exceeded unity at 8 h after drug ingestion. The maximum nasal mucus concentrations (mean ± standard deviation) of rimantadine (0.42 ± 0.25 ,ug/g) were similar to those of amantadine (0.45 ± 0.32 _,g/g) and were higher than the maximum measured plasma concentrations of rimantadine (0.25 + 0.05 ,ug/ml) ( toxicities of the two drugs found highly significant differences in plasma concentrations after single or multiple doses (8) . The results of the current study confirm that rimantadine and amantadine differ significantly in a number of pharmacokinetic parameters. Peak rimantadine concentrations averaged 47% of amantadine levels in young adults and 31% in elderly subjects. The time to peak plasma concentration also tended to be longer after rimantadine than amantadine, which suggests a slower rate of absorption for rimantadine. The elimination half-life and volume of distribution of rimantadine averaged over twofold greater than amantadine, although wide interindividual variations existed in pharmacokinetic parameters for both drugs. (4) . In the current study, the low concentrations of rimantadine in plasma could be due to postabsorbtive biotransformation in the liver or to a volume of distribution that is larger than that of amantadine (Tables  2 and 3 ). Unfortunatley, no intravenous formulation of either amantadine or rimantadine is available for studies to examine these possibilities. The metabolic fate of rimantadine was only partially determined in this study. Urinary excretion of the parent drug and ortho-, para-, and metahydroxy metabolites accounted for approximately one-fifth of the administered dose. However, considerable variability existed in the proportion of the dose recovered in the 24-h urine sample (range, 5.5 to 49%). No metabolites of rimantadine were identified in plasma specimens with the electron capture gas chromatography method of assay. Further work is needed to determine the antiviral activity and potential toxicity of rimantadine metabolites.
As previously described in elderly subjects ingesting amantadine (1), we found fluctuations in the plasma concentration profile for amantadine, and less often for rimantadine, over the 96-h period of measurement. In many instances these oscillations appeared to temporally relate to the ingestion of food. This suggests that either the drug had been incompletely absorbed earlier or, more likely, that the drugs were undergoing enterohepatic recycling, since this pattern was seen more than once over the 96-h period. Pederson and Miller have proposed a similar model for the effect of fasting and feeding on enterohepatic recycling of cimetidine (13) .
This study was the first to examine the pharmacokinetics of rimantadine in the elderly, one of the target populations for prevention and treatment of influenza A virus infections. In contrast to the age-related differences in amantadine pharmacokinetics found in this and earlier studies (1) , no significant differences were detected in the parameters measured between elderly and young adults after administration of rimantadine. Using the means of the pharmacokinetic parameters for the elderly, the steady-state peak and trough concentrations of rimantadine could be estimated to be 0.49 and 0.28 ,ug/ml, respectively, in older adults ingesting 200 mg per day. These values underestimate peak concentrations (mean ± standard deviation, 1.16 ± 0.56 ,ug/ml), which have been reported in elderly nursing home subjects taking rimantadine (200 mg/day) for approximately 10 weeks (11). This discrepancy may be in part attributed to differences in the patient populations, since the subjects in the current study represented a small number of ambulatory elderly adults with well-preserved renal function. Alternatively, substantial differences may exist between the single-dose and multiple-dose pharmacokinetics of rimantadine, so that assumptions based on single-dose studies may not accurately predict steady-state conditions. Studies of the multidose pharmacokinetics of rimantadine are needed in the elderly and other target groups for rimantadine use.
The differences observed in drug concentrations in nasal secretions are of particular interest, since these may more closely predict intracellular drug concentrations in the respiratory mucosa than plasma concentrations. Previous studies by Aoki et al. (3) could not define a positive doseresponse relationship between steady-state plasma amantadine concentrations and protection against experimental influenza A virus infection. Animal studies and anecdotal information from humans has suggested that amantadine may be concentrated in pulmonary tissues (4, 6 ). In the current study, the results observed with amantadine confirm an earlier report (16) , in which the authors used nasal washings to conclude that amantadine appeared in nasal secretions at levels similar to those found in serum. In the current study we used an improved method of collection of nasal mucus (14) and found that despite nearly threefoldlower plasma concentrations, rimantadine nasal mucus concentrations were similar to those observed with amantadine and that the ratio of nasal mucus to plasma concentration was significantly higher for rimantadine. The results of this study suggest that rimantadine may be concentrated in respiratory secretions. For both drugs nasal mucus concentrations continued to rise through the 8-h observation period, at a time when plasma concentrations were declining, and exceeded concentrations that have been shown to be inhibitory for influenza A viruses in vitro (7) . Although further studies are needed to assess the accumulation of rimantadine in respiratory secretions after multiple drug doses, these findings may in part explain the clinical efficacy of rimantadine in the therapy (21) and prophylaxis (5) of influenza A virus infections at doses that yield significantly lower plasma concentrations than those of amantadine.
